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Abstract The new pulse width modulation (PWM) con- 
trolled AC to DC converter with a controllability of DC 
voltage and a high input power factor has been pro- 
posed. However, the displacement power factor and the 
input power factor become lower in the region of small 
current command. In this paper, the modified PWM con- 
trol strategy in the single-phase AC to DC converter is 
proposed for the improvement of the displacement power 
factor and its characteristics are discussed analyti- 
cally. The proposed PWM controlled AC to DC converter 
has an advantage of the high input power factor and the 
controllability of DC voltage from zero to more than 
the maximum value of the source voltage. The displace- 
ment power factor is unity in the whole range of cur- 
rent command. Then, the input power factor is almost 
unity in the wide range of current command. 
INTRODUCTION 
The PWM inverter is widely used as a variable 
voltage-variable frequency supply. The output voltage 
waveform of the inverter is desirable to be sinusoidal. 
However, it has a great deal of harmonics. Therefore, 
the methods of improving the output waveforms in the 
inverter have been proposed as follows: 
1) a multiple inverter to superimpose the output 
voltage waveforms of some square-wave inverters 
2) a PWM inverter with a modulation frequency of 
above 20 kHz [ l ]  
3) a PWM inverter with the pulse pattern to optimize 
some specific performance criteria [2,3] 
4 )  a PWM inverter with a fixed pulse pattern in 
combination with a pulse amplitude modulation 
(PAM) [4,51 
For the realization of the inverter in combination 
with PAM and PWM, it is necessary to develop a variable 
DC voltage supply. In general, the DC voltage is ob- 
tained by rectifying the AC voltage. Therefore, it is 
indispensable to develop the AC to DC converter with a 
controllability of DC voltage and an excellent input 
characteristics. Then, the authors have proposed a new 
AC to DC converter with a controllability of DC voltage 
from zero to more than the maximum value of the AC 
source voltage and an unity input power factor in the 
wide control range [6] .  However, the filter current was 
not considered in the calculation of the current com- 
mand. Then, the displacement power factor becomes lower 
under the current command 2.0 Amp. Further, the input 
power factor also becomes lower. 
In this paper, a modified PWM control strategy in 
the single-phase AC to DC converter is proposed for the 
improvement of the displacement power factor and the 
input power factor and the input and output character- 
istics are discussed analytically. In this strategy, 
the pulse width is calculated taking account of the 
input filter current. Therefore, the displacement power 
factor is always unity in the whole range of current 
command. The input power factor is also improved by the 
proposed strategy. The proposed PWM controlled AC to DC 
converter has also an advantage of the high input power 
factor and the controllability of DC voltage from zero 
to more than the maximum value of the source voltage. 
PWM CONTROLLED AC TO DC CONVERTER 
controlled AC to DC 
Fig. 1 PWM control AC to DC converter 
with input filter 
with an input filter. The proposed converter is the 
application of the step-up and -down chopper to the AC 
to DC converter. The input filter absorbs the harmonics 
produced by the PWM performance of the converter in 
order to improve the waveform of the source current. 
The performance of converter is same in the posi- 
tive and the negative half cycle of the AC source 
voltage. Then, the performance of converter in the 
positive half cycle is described in the following. The 
switches Sw2 and Sw3 act in the period of the positive 
value of converter current command and the switches S 
and Sw4 act in the period of its negative value. TEL 
harmonics produced in the converter are filtered and 
the source current becomes a quasi-sinusoidal waveforms 
in phase with the AC source voltage. 
Performance of Filter 
The AC to DC converter observed from the AC stage 
can be considered to be a current source with a great 
deal o€ harmonics. Therefore, the equivalent circuit of 
the converter can be expressed as shown in Fig. 2. 
Neglecting the resistance of the filter reactor because 
of its little effect on its gain and phase characteris- 
tics, the transfer function of the filter is obtained 
by 
1 
G ( j w )  = ( 1 )  
1 - (w/w,)2 
where 
;: 
Cf 
=1/ 
an inductance of the input filter 
a capacitance of the input filter 
In general, the angular resonant frequency of the 
input filterwo is chosen a value of nine to ten times 
as many as the source angular frequency ws [ 7 ] .  Thus, 
the most part of the fundamental component in the 
is + 
Circuit Configuration 
Fig. 1 shows a PWM converter Fig. 2 Equivalent circuit of converter 
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c u r r e n t  ir  is  f l o w i n g  i n t o  t h e  s o u r c e  b e c a u s e  t h e  g a i n  
of t h e  i n p u t  f i l t e r  IG(jws)l is n e a r l y  1.00. On t h e  
o t h e r  hand ,  a s  t h e  m o d u l a t i o n  a n g u l a r  f r e q u e n c y  (2n w , 
n : t h e  number of  d i v i s i o n s  i n  a h a l f  c y c l e  o f  t h g  2 C  
s g u r c e  v o l t a g e )  is s e l e c t e d  t o  be  s u f f i c i e n t l y  l a r g e  
compared w i t h  W O ,  t h e  g a i n  f o r  t h e  harmonics  becomes 
l e s s  t h a n  s e v e r a l  p e r c e n t .  T h e r e f o r e ,  t h e  harmonics  
h a r d l y  f l o w s  i n t o  t h e  AC s o u r c e .  
D e c i s i o n  of  Pu l se  Width 
The s o u r c e  c u r r e n t  is i s  t h e  sum of  t h e  c o n v e r t e r  
c u r r e n t  ir  a n d  t h e  f i l t e r  c u r r e n t  i f .  The p r o p o s e d  
c o n t r o l  s t r a t e g y  is t o  make t h e  f u n d a m e n t a l  component 
of s o u r c e  c u r r e n t  i n  phase  w i t h  t h e  AC s o u r c e  v o l t a g e .  
The f i l t e r  c u r r e n t  i s  l e a d i n g  i n  90 d e g r e e s  t o  t h e  AC 
s o u r c e  v o l t a g e .  T h e r e f o r e ,  i n  o r d e r  t o  make t h e  s o u r c e  
c u r r e n t  i n  p h a s e  w i t h  t h e  AC s o u r c e  v o l t a g e ,  t h e  s o u r c e  
c u r r e n t  Isl s h o u l d  be  d e r i v e d  as t h e  v e c t o r  sum o f  t h e  
c o n v e r t e r  c u r r e n t  Irl and t h e  i n v e r s e  f i l t e r  c u r r e n t  
I f l  i n  r e g a r d  t o  t h e  fundamenta l  component as shown i n  
F i g .  3. Then, t h e  c o n v e r t e r  c u r r e n t  is  t h e  waveform 
d i t h  a l a g g i n g  o f  8 d e g r e e s .  I n  t h e  p r o p o s e d  PWM 
s t r a t e g y ,  t h e  fundamenta l  component of  t h s  s o u r c e  c u r -  
r e n t  is  s e l e c t e d  a s  t h e  c u r r e n t  command is . Then, t h e  
p u l s e  w i d t h  is c a l c u l a t e d  by u s i n g  t h e  c o n v e r t e r  c u r -  
r e n t  obkained  from F i g .  3 as a c o n v e r t e r  c u r r e n t  com- 
nand i . 
The on-time o f  t h e  s w i t c h e s  i s  d e c i d e d  a s  shown i n  
Fig.  4 .  The h a l f  c y c l e  of t h e  s o u r c e  v o l t a g e  is d i v i d e d  
i n t o  n e q u a l  p e r i o d s .  One p e r i o d  A t  i s  1 / ( 2 n  f ), 
dhere tS i s  t h e  f r e q u e n c y  of  t h e  s o u r c e .  Then, t h g  Son- 
t ime of  t h e  s w i t c h e s  is  c a l c u l a t e d  i n  e a c h  p e r i o d .  The 
z o n v e r t e r  c u r r e n t  command is e x p r e s s e d  from t h e  v e c t o r  
i i agram i n  F i g .  3 by 
h* 
- I f  1 I r  1 
F i g .  3 C u r r e n t  v e c t o r  
t O H ( W  &(A tOFF(W 
F i g .  4 D e c i s i o n  of on-time of  s w i t c h  
wherg 
1, 
T h e r e f o r e ,  t h e  area S1 i n  F i g .  4 i s  o b t a i n e d  by 
a n  r.m.s. v a l u e  o f  c o n v e r t e r  c u r r e n t  command 
k a t  
s1 = ir*( t ) d t  
' (k -1)  A t  
7 
= +i, ( k )  A t  
wh- 
a n  a v e r a g e  v a l u e  o f  c o n v e r t e r  c u r r e n t  command 
i n  t h e  k- th  p e r i o d  
S1 is p o s i t i v e  and  t h e  s w i t c h e s  Sw2 act  i n  t h e  
case of t h e  p l u s  s i g n  i n  t h i s  equa:lnod.swd n t h e  o t h e r  
hand ,  S1 is n e g a t i v e  and  t h e  s w i t c h e s  Swl and SW4 act 
i n  t h e  case o f  t h e  minus s i g n .  N e g l e c t i n g  t h e  resist- 
a n c e  o f  t h e  DC r e a c t o r  b e c a u s e  it h a s  a h i g h  q u a l i t y  
f a c t o r  and  assuming t h a t  t h e  i n p u t  t e r m i n a l  v o l t a g e  of 
t h e  c o n v e r t e r  i s  t h e  s o u r c e  v o l t a g e ,  t h e  i n c r e a s e  of  
t h e  c u r r e n t  id d u r i n g  t h e  s w i t c h e s  c o n d u c t i n g  i n  t h e  k- 
t h  p e r i o d  i s  e x p r e s s e d  by 
ir ( k )  
where  
L a n  i n d u c t a n c e  o f  t h e  r e a c t o r  
es (k)  
t w ( k )  
- 
a n  a v e r a g e  v a l u e  o f  t h e  s o u r c e  v o l t a g e  i n  t h e  
k- th  p e r i o d  
a n  on-time o f  t h e  s w i t c h e s  
The d e c r e a s e  of  t h e  c u r r e n t  id d u r i n g  t h e  s w i t c h e s  non- 
c o n d u c t i n g  i n  t h e  same p e r i o d  is e x p r e s s e d  by 
where -
vc(k)  a n  a v e r a g e  v a l u e  o f  t h e  c a p a c i t o r  v o l t a g e  i n  
T h e r e f o r e ,  t h e  v a l u e  of  t h e  c u r r e n t  i d ( k )  is o b t a i n e d  
f rom e q s . ( 4 )  and ( 5 )  a t  t h e  (k-1) p o i n t  as f o l l o w s ;  
t h e  k- th  p e r i o d  
1 
L 
i d ( k )  = i d ( k - l )  + - [ + < ( k ) t w ( k >  
where 
Then, t h e  area S 2  shown i n  F i g .  4 is  o b t a i n e d  by 
id(k-1)  a d e t e c t e d  v a l u e  o f  t h e  r e a c t o r  c u r r e n t  
Thus,  t h e  on-time o f  t h e  s w i t c h e s  i n  t h e  k- th  p e r i o d  i s  
d e c i d e d  by e q u a l i n g  t h e  a r e a  S1 and S a .  
S u b s t i t u t i n g  e q s . ( 3 ) ,  ( 6 )  a n d  ( 7 )  i n t o  e q . ( 8 ) ,  we 
o b t a i n  t h e  n e x t  e q u a t i o n .  
1 
2 L  
r + < ( k )  + y ( k ) ] t , ( k ) 2  + { ' i d ( k - l )  - 
1013 
This is a quadratic equation with a variable of tw(k). 
Therefore, there are two solutions in eq.(9). However, 
tw(k) must satisfy the next expression. 
0 2 tw(k) 5 At (10) 
Then, the only one solution is available. 
-b t ,/bZt4ac 
2a 
tw(k) = 
where 
c = +ir*(k)At 
Therefore, the switch-on and -off time of the switches 
are expressed by 
-7 In the proposed method, <(k) and ir' (k) is assumed by 
where 
Furfher, T(k) is approximated to be a value of the 
capacitor voltage at the k-th point, vc(k). 
E an r.m.s. value of the source voltage 
ANALYSIS OF CONVERTER PERFORMANCE 
Waveforms 
The circuit constants and the gondition are listed in 
Table 1. The current command Is 
with the current command waveform although it has the 
ripples due to the PWM performance. The waveforms of 
the reactor current is a DC one with a small ripple due 
to the PWM performance and a large ripple synchronized 
with the source voltage. The waveform of the filter 
capacitor voltage is similar to the source voltage 
although it has a ripple due to the PWM performance. 
same condition in Literature [6] .  The source current is 
a quasi-sinusoidal waveform with a ripple due to the 
PWM performance. However, it is leading to the source 
voltage because of the leading filter current. There- 
fore, the proposed strategy is proved effective for the 
improvement of the displacement power factor and the 
input power factor. 
Fig. 5 shows the voltage and current waveforms. 
is 2.0 Amp. 
The waveform of the source current agrees well 
Fig. 6 shows the source current waveform for the 
The Fourier series of the current is expressed by 
where 
In 
$n 
an r.m.s. value of the n-th harmonic 
a phase of the n-th harmonic 
Fig. 7 shows the harmonics of the source current is and 
the converter current ir in Fig. 5. The fundamental 
component of the source current is 2.0 Amp. in accord- 
* [  
L 
'"I l o r  
-200 1 
Fig. 5 Voltage and current waveforms 
Table 1 Circuit constants 
AC source E 
Input filter WO f : 
DC reactor if 
Lf 
Rf 
Capacitor :L 
Load RL 
LL 
Division of 
half cycle nD 
100.0 v 
9.5w 
0.29 R 
10.0 LIF 
50.0 mH 
1000.0 LIF 
20.0 R 
10.0 mH 
60.0 Hz 
7.8 ' m ~  
100.0 
20 
ance with the current command. The converter current 
has the harmonics around the integral multiple of the 
modulation frequency. As the high-order harmonics can 
be attenuated by the filter, only the 39th and the 41th 
harmonics remain a little in the source current. The 
harmonics due to the resonant frequency of the input 
filter generate in the source current, that is the 9th 
and the 11th harmonics. However, their amplitudes are 
very small compared with the fundamental component. 
1014 
Fig. 6 Source current waveform in Literature [6] 
1.00  
50 I00 150 200 
2.00 1 
1 -
OO 
n 
(a) source current 
2 3.00 
U 
2.00 i 
1.03 
0 
50 103 I 5 0  200 
n 
( b )  converter current 
Fig. 7 Harmonics of current 
Control Characteristics of DC Voltage 
voltage (the average value of DC voltage V ) with the 
circuit constants listed in Table 1. The DC'voltage is 
regulated from zero to more than the maximum value of 
the source voltage by changing the current command. The 
control characteristics of DC voltage obtained in this 
paper is the same as those in Literature [6]. 
with the circuit constants in Table 1. The ripple 
factor is expressed by the next equation. 
Fig. 8 shows the control characteris-tics of DC 
Fig. 9 shows the ripple factor characteristics 
x 100 (17) Vcmax - "cmin 
vC 
- EV = 
where 
Vcmax 
Vcmin 
the maximum value of DC voltage 
the minimum value of DC voltage 
The ripple factor is almost the same as that in Litera- 
ture [6]. It is less than about 18 X .  
Input Characteristics 
€actor and the input power factor are discussed as the 
input characteristics. The Fourier analysis of the 
3ource current is expressed as eq.(16). Therefore, the 
lisplacement power factor (DPF), the distortion factor 
(DF) and the input power factor (PF) are expressed by 
The displacement power factor, the distortion 
proposed stiategy 
--- Literature [6] 
I O  15 
Is* (A) 
Fig. 8 Control characteristics of DC voltage 
L? 20 1 - proposed strategy 2 - 
--- Literature [6] 
Fig. 9 Ripple factor characteristics 
l I ,2 '  
.j n = 2  
DF = (19) 
where 
Q 1  a phase angle between the source voltage and 
the fundamental component of the source 
current 
Fig. 10 shows the input characteristics with the 
circuit constants in Table 1. DPF is always an unity 
for all the current command as expected. On the other 
hand, DPF in Literature 161 is less than 1.0 in the 
small current command. The improvement of DPF can be 
achieved by the control method proposed in this paper, 
DF is almost the same in the region of the current 
command above 1.0 Amp. However, DF for the proposed 
strategy is larger than that in Literature [6] in the 
small current command under 1.0 Amp. Consequently, PF 
for the proposed strategy is improved compared with 
that in Literature r 6 ]  and it is an unity in the 
almost region of current command. 
CONCLUSIONS 
The modified PWM control strategy in the single- 
1015 
r 
- proposed strategy 
--- Literature [6] 
OO I 10 15 
1; (A) 
(a) displacement power factor 
k1.0 
0 . 5  
(c) input power factor 
Fig. 10 Input characteristics 
phase AC to DC converter is proposed for the improve- 
ment of the displacement power factor and the input 
power factor. The validity of the proposed control 
strategy is clarified comparing with the characteris- 
tics in Literature [6] by simulation. It is found that 
the displacement power factor is an unity in the whole 
range of current com6and and the distortion factor is 
almost the same. Therefore, the input power factor is 
improved especially in the small range of current com- 
mand and an unity in the wide range of current command. 
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